The wide spectrum and propagation characteristics over the air give mmWave communication unique advantages as well as design challenges for 5G applications. To increase the system speed, capacity, and coverage, there is a need for innovation in the RF system architecture, circuit, antenna, and package in terms of implementation opportunities and constraints. The discuss mmWave spectrum characteristics, circuits, RF system architecture, and their implementation issues are discussed.
mmWave communication system architecture and implementation issues
As opposed to sub-6 GHz, mmWave communication has unique characteristics. Accordingly, the main challenge for mmWave systems is the air interface design, particularly the RF front-end and antenna array. To achieve high data rate, high capacity, and ODUJH FRYHUDJH LW LV YHU\ LPSRUWDQW WR ¿UVW XQGHUVWDQG the characteristics of the mmWave spectrum, and then the implementation issues. In addition, we will discuss the mmWave system architecture.
mmWave spectrum
As shown in Fig.1 , a list of 5G candidate highfrequency bands ranging from 24 GHz to 86 GHz was selected at the WRC-15 conference (including 24.25~27.5, 31.8~33.4, 37~43.5, 45.5~50.2, 50.4~52.6, 66~76, and 81~86 GHz bands). To speed up 5G research in the US, the FCC recently announced several licensed and unlicensed mmWave spectra, i.e., 28 GHz (27.5~28.35 GHz), 38 GHz (37~40 GHz), and 64~71 GHz [7] . It should be noted that with the existing 57~64 GHz unlicensed band, the US creates a 14 GHz contiguous spectrum at the 60 GHz band, i.e., the 57~71 GHz band. In this way, a myriad of new applications for consumer, business, industrial, and government use can be guaranteed.
Compared with the traditional sub-6 GHz spectrum, the mmWave spectrum has several characteristics.
1) The mmWave spectrum is abundant, and it can easily achieve high data rates of the order of several Gbps even with low-order modulation.
2) As the free-space path loss is proportional to the square of the link distance and carrier frequency, the mmWave spectrum has a very large propagation loss.
In addition, the mmWave wavelength is very short, making it very susceptible to obstructions. To increase the coverage, considering the typical LOS (Lineof-Sight) and NLOS (Non-LOS) communication Figure scenarios, the characterization of mmWave indoor and outdoor channels has been emerging as an important research topic [2] . From a system link budget perspective, the coverage can be extended by improving the system air interface performance, such as the transmitted power, receiver sensitivity, and antenna gain. However, these parameters depend largely on the implementation technology, which is to be discussed in Section 2.2.
3) Although the mmWave spectrum is very wide, its channel numbers are limited due to its wide bandwidth nature (500 MHz~2 GHz). In other words, the in-channel interference will become important, and interference control and mitigation techniques are needed.
Implementation issues
Considering the future mass consumer market requirements, it is very critical to realize the mmWave system in a cost-effective and energy-HI¿FLHQW ZD\ SDUWLFXODUO\ LQ WHUPV RI WKH 5) IURQW end chip, antenna, and packaging implementation aspects.
In the past, the mmWave RF front-end chip is realized in Section 3~Section 5 compound process, with the penalty of high cost, high power, and low integration level. Guided by the ITRS (International Technology Roadmap for Semiconductors), the transistor feature size is reduced by Moore law scaling, and the CMOS transistor speed and integration level are significantly improved [8] . Accordingly, the CMOS process is used to realize the mmWave RF front-end chip. Attracted by a potentially low cost, high integration level, and enhanced functionality, many academic and industrial groups are involved in CMOS mmWave circuit and system research and development for mmWave communication as well as for critical radar applications [9] [10] [11] [12] [13] [14] .
Despite the advantage of increased CMOS transistor speed due to size scaling, both the supply voltage and the ratio of the supply voltage to the transistor threshold voltage are also reduced. From the perspective of the mmWave circuit, this typically translates into a low signal swing and low signal dynamic range. On the other hand, the insertion loss of passive devices increases at mmWave frequencies, which further decreases the power gain of the active devices. Accordingly, it will result in a low output SRZHU DQG KLJK SKDVH QRLVH IRU WKH SRZHU DPSOL¿HU and oscillator, respectively [9] . These issues can be solved from a 5G system large-array architecture perspective, which is to be discussed shortly in Section 2.3.
As the interface between the RF chip and the 
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System architecture
Considering the unique characteristics of the mmWave frequency, an advanced RF transceiver architecture is needed to improve the system speed, HQHUJ\ HI¿FLHQF\ DQG VSHFWUDO HI¿FLHQF\ :LWK WKH KLJK integration level in the chip and very compact antenna array, it is suitable to realize a mmWave system using MIMO and beamforming techniques [15] [16] [17] [18] .
As shown in Fig.2 and Fig.3 , for mmWave communication, there are two typical transceiver architectures, namely direct conversion and dualconversion [9, 19, 20] ; both of these have their advantages and disadvantages. Direct conversion, which is popular in GHz RF radio, can achieve compact and noise, tuning range, and phase error, as well as the frequency pulling/pushing caused by the power DPSOL¿HU [20] .
To overcome the above-mentioned design issues and improve the SNR, an alternative solution is to use the dual-conversion architecture (also referred to as sliding-IF), as shown in Fig.3 . In this architecture, the quadrature modulation and demodulation working frequency is significantly reduced. Moreover, the tuning range and operating frequency of the LO are reduced, simplifying the system design. Therefore, the sliding-IF architecture is very popular in mmWave systems [19, [21] [22] [23] . [2] [3] [4] . Moreover, with a large-scale antenna array, we can realize a large antenna array gain, compensating the large path loss associated with high frequency and increasing the coverage Accordingly, we can establish a stable wireless link.
To be more specific, from an implementation perspective, mmWave can achieve a high directivity using a large array antenna, and the actual power that is required to deliver a certain EIRP (Equivalent Based on the phase shifting and amplitude control mechanism, beamforming can be realized with RF-path, LO-path, baseband, and digital beamforming [19, [21] [22] [23] . The advantage of LO-path and baseband beamforming is that the phase shifter is not in the signal path or in the low-frequency signal path. In this way, the challenges of the mmWave circuit design can be 
Up-conversion mixer
The performance of the 60 GHz up-conversion mixer is crucial for the transmitter. In particular, to achieve good EVM performance for the 60 GHz wideband and transmitter large signal operation, the mixer should achieve good in-band gain flatness and high 5 shows the implemented up-converter mixer [24] .
It consists of a Gilbert cell, an LO, and an RF buffer.
Here, the LO frequency is set to 48 GHz in order to realize the sliding-IF architecture [23] . We used the RF buffer to boost the mixer output power. In this design, we used the transformer-based impedance-matching network to realize the inter-stage matching between the Gilbert cell, the RF buffer, and the LO buffer.
Compared with traditional T-type or LC-type networks, the transformer-based matching network can typically achieve a more compact layout and lower insertion loss, and it can provide the biasing flexibility, good common-mode stability, and broadband impedance matching. In the RF and LO buffer, we adopted the capacitive neutralization technique to further increase the reverse isolation and the power gain.
We implemented the up-conversion mixer using a Including all pads, the mixer occupies an area of 0.725×0.595 mm 2 . Fig.7 illustrates the measured
The path to 5G: mmWave aspects 7 conversion gain versus frequency and channels. The conversion gain is over 13 dB across the 57~66 GHz band, and the gain variation in each channel is about G% 0RUHRYHU GULYHQ E\ DQ í G%P /2 SRZHU the mixer output power 1 dB compression point is as high as 2.5 dBm.
Tab.1 summarizes the performance of state-of-theart 60 GHz CMOS up-conversion mixers. Compared to the previous work, only the proposed mixer can cover the IEEE 802.15.3c standard four-channels.
Further, in-band the gain variation is less than 1.5 dB.
To the author's best knowledge, both the gain and output power of this broadband 60 GHz mixer are the highest achieved. 
MN5
The path to 5G: mmWave aspects compared to the case without the shunt inductor, the insertion loss of the inter-stage matching network is improved by more than 1.5 dB. Fig.10 shows a photo of the PA chip, which is realized using a 65 nm process. Including all DC and RF pads, the PA occupies an area of 0.83 mm×0.88 mm, while the core area is only 0.68 mm×0.88 mm.
The measured and simulated S-parameters across 50~70 GHz are shown in Fig.11 . Because of the proposed inter-stage matching network and the capacitive neutralization technique, the measured S21 is greater than 20 dB from 54 GHz to 65 GHz, and the peak power gain is about 24 dB at 61 GHz.
As illustrated in Fig.12 
Receiver
For mmWave communication applications, the receiver has several requirements. First, to increase the data rate, we may employ high-order SC 6LQJOH&DUULHU PRGXODWLRQV VXFK DV 4$0 that are sensitive to in-band amplitude variations.
Secondly, to achieve both sensitivity and linearity performance, the receiver needs to have a low NF (Noise Figure) and large gain tuning range. Third, as WKH ,4 PLVPDWFK GHJUDGHV WKH ,55 ,PDJH5HMHFWLRQ
5DWLR DQG FRUUXSWV WKH EDVHEDQG RXWSXW ,4 EDODQFH
performance should be improved. To meet future 5G high data rate requirements, higher-order modulation or channel bonding scheme may be used, imposing even more critical requirements on the mmWave receiver design. the digitally controlled phase delay at the output of the frequency divider [38] . In Ref. [8] , the author demonstrated a very wide 3 dB bandwidth that extends to frequencies well below the 60 GHz band. However, from the perspective of the 60 GHz standard, this bandwidth extension may result in a desensitization problem, particularly when an out-of-band blocker is present.
As opposed to a stand-alone LNA, the LNA in the Figure 13 GHz broadband receiver receiver needs to drive the mixer, and we require a combined design involving an LNA and RF mixer. As shown in Fig.15 , we also used a low-k transformer- with the penalty being a worse linearity and noise performance [39] [40] . In this design, as shown in Fig.14, 
E\ FRQWUROOLQJ WKH FXUUHQW UDWLR RI WKH DPSOL¿HUV ZLWK
switches, we can achieve a well-defined gain step that is not sensitive to PVT corners. We also obtained the linearity and noise measurements.
In the high-gain mode, the receiver input IP1dB LV DERXW í G%P ZKHUHDV LQ WKH ORZJDLQ PRGH WKH UHFHLYHU LQSXW ,3G% LV DERXW í G%P 7KH PHDVXUHG QRLVH ¿JXUH LV DERXW G%
Antenna and package
The antenna and package design depends greatly on Figure 19 Microphotograph of the receiver Figure 20 The measured conversion gain in high-gain, typical-gain, and low-gain modes in four channels )LJXUH 7KH VFKHPDWLF RI 9*$ XQLW DPSOL¿HU 
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the fabrication material and fabrication technology in terms of the antenna gain, radiation efficiency, bandwidth, etc. In addition to the electrical performance, the antenna and package design should consider the cost and the yield for future largevolume applications.
As the working frequency is somewhat high, the material selection is critical considering its In this work, to satisfy the above requirements, based on the low-cost PCB process, we proposed an AiP multilayer integrated antenna with a rectangular ring [43] . Fig.21 illustrates the cross-section of the AiP prototype, which is realized using the traditional lowcost PCB process to reduce the cost effectively. The 
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(simulation 16.2 dBi) to 13.9 dBi (13.6 simulated) at 60 GHz, while the SLL increases from 13 dB to 8 dB. In both cases, we obtained a good agreement between the measurements and simulations. To evaluate the actual 16-element phased-array antenna performance in a package, we also fabricated and measured the feed network. The measured insertion loss of this feed network is 6.5 dB, which is about 4.5 dB higher than the actual differential feed network shown in Fig.3 . Thus, the actual 16-element phased antenna array is expected to achieve a gain of more than 20 dB.
It should be noted that to achieve compact terminal size, multiple-antenna systems require that the distance between adjacent antenna elements should be small. However, this will typically result in high mutual coupling, which affects the antenna performance characteristics, such as the bandwidth, gain, and efficiency [44] . In addition, the system performance will also be affected [45] . To solve this problem, we can use EBG (Electromagnetic Band- In the design and fabrication phase, the antenna and package parameters should be optimized by performing intense electromagnetic simulations.
Moreover, along with the electrical performance, the thermal and mechanical issues should also be considered for future commercial applications.
Conclusion
In this paper, we discuss the transmitter key components, r e c e i v e r, a n t e n n a , a n d p a c k a g i n g d e s i g n 
